Multiple sclerosis (MS) is a chronic inflammatory disease of the CNS characterized by demyelination, axonal loss, and varying degrees of immune infiltrates, including T cells.^[@R1],[@R2]^ Studies in experimental autoimmune encephalomyelitis (EAE) have demonstrated a critical role for T cells in the disease process via the release of proinflammatory cytokines.^[@R3],[@R4]^

Previously, macrophage migration inhibitory factor (MIF) was shown to promote EAE by enhancing T cell effector function^[@R5][@R6][@R7]^; however, the underlying mechanisms have not been fully resolved. MIF inhibits random migration of macrophages, activates T cells, and enhances macrophage tumor necrosis factor α and nitric oxide production.^[@R8],[@R9]^ MIF has the unique property of being induced by glucocorticoids (GCs) and counterregulating their anti-inflammatory effects.^[@R10][@R11][@R13]^ Along these lines, it was recently suggested that MIF may promote progression of EAE via antagonizing endogenous GCs.^[@R6]^

GCs are the standard treatment for acute attacks of MS and effectively induce clinical remission.^[@R14],[@R15]^ However, GC treatment does not cure MS and does not prevent long-term disease progression.^[@R15]^ GC treatment has numerous side effects and some patients develop resistance.^[@R15],[@R16]^ Thus, optimizing GC treatment and dosage may decrease side effects and prevent development of GC resistance.

Here, we show that treatment of EAE with dexamethasone (Dex) was substantially more efficacious in MIF^−/−^ mice. The data suggest that MIF promotes disease in EAE via inhibition of immunosuppressive GC effects on pathogenic T cells, conceivably via T-bet and VLA-4 expression.

METHODS {#s1}
=======

Mice. {#s1-1}
-----

C57BL/6 mice (6--8 weeks old) were purchased from The Jackson Laboratory (Bar Harbor, ME). C57BL/6 MIF^−/−^ mice were generated as described.^[@R11]^ All animals were maintained under pathogen-free conditions in the American Association for Laboratory Animal Science facility at the University of Texas at San Antonio.

Standard protocol approvals. {#s1-2}
----------------------------

All experiments were approved by the Institutional Animal Care and Use Committee and performed in accordance with the relevant guidelines and regulations.

EAE induction. {#s1-3}
--------------

Active EAE was induced in wild-type (Wt) and MIF^−/−^ mice by subcutaneous (SC) injection of 300 μg MOG35-55 peptide (United Biochemical Research, Seattle, WA) in 50 µL of complete Freund\'s adjuvant (CFA). Mice also received intraperitoneal (IP) injections of 400 ng pertussis toxin on days 0 and 2. For induction of passive EAE by adoptive transfer, donor mice were immunized SC with 300 µg of MOG35-55 in CFA followed by IP injections of 10 mg/kg Dex or phosphate-buffered saline (PBS) for 3 continuous days starting on day 7. Splenocytes and draining lymph nodes were collected from donor mice on day 10 and restimulated for 3 days at 37°C with 20 µg/mL of MOG35-55 peptide in complete Dulbecco modified Eagle medium containing 10% fetal bovine serum, 20 ng/mL of recombinant mouse interleukin (IL)-23 (R&D Systems, Minneapolis, MN), and 10 µg/mL of anti-interferon (IFN)-γ monoclonal antibody (mAb) (Bio X Cell, West Lebanon, NH; R4-6A2), with or without 10^−8^ M of Dex.^[@R17],[@R18]^ Recipient mice were injected with 2 × 10^7^ restimulated donor cells. For recipients in pretreatment groups, 10 mg/kg Dex or PBS control was given by IP injections for 3 continuous days prior to adoptive transfer.

EAE evaluation. {#s1-4}
---------------

Mice were monitored and graded daily for clinical signs of EAE using the following scoring system^[@R19]^: 0, no abnormality; 1, limp tail; 2, moderate hind limb weakness; 3, complete hind limb paralysis; 4, quadriplegia or premoribund state; 5, death.

Cytokine ELISPOT assay. {#s1-5}
-----------------------

Cytokine ELISPOT assay was performed and spots analyzed as described previously.^[@R20]^ In brief, ELISPOT plates (Millipore, Billerica, MA) were precoated with anti-mouse-IFN-γ mAb (eBioscience, San Diego, CA; AN-18) and anti-mouse-IL-17 mAb (Bio X Cell; 17F3). Splenocytes (1 × 10^6^ cells per well) and brain-infiltrating mononuclear cells (MNCs; 2--5 × 10^4^ cells per well) were restimulated with MOG35-55 peptide in HL-1 medium (Lonza, Basel, Switzerland) at 37°C for 24 hours. Biotinylated anti-mouse-IFN-γ mAb (eBioscience; R4-6A2) and anti-mouse-IL-17 mAb (BioLegend, San Diego, CA; TC11-8H4) were then added overnight at 4°C, followed by incubation with streptavidin alkaline phosphatase (Invitrogen, Waltham, MA) for 2 hours at room temperature and developing with BCIP/NBT Phosphatase Substrate (KPL, Gaithersburg, MD). After plate developing, image analysis of spots was performed on a Series 2 Immunospot analyzer (Cellular Technology Limited, Cleveland, OH).

Flow cytometry analysis. {#s1-6}
------------------------

EAE brains were collected and depleted of myelin using myelin removal beads (Miltenyi, Bergisch Gladbach, Germany). Brain MNCs were quantified by hemocytometer. For cell surface staining, cell suspensions were stained with fluorochrome-conjugated anti-mouse-CD4 (eBioscience; GK1.5), anti-mouse-CD8b (eBioscience; eBioH35-17.2), anti-mouse-CD11c (eBioscience; N418), anti-mouse-CD11b (eBioscience; M1/70), anti-mouse-VLA-4 (ATCC, Manassas, VA; PS/2), and anti-mouse-IL-23R (R&D Systems; 258010) mAbs, followed by red blood cell lysis (Beckman Coulter, Brea, CA). For intracellular staining (ICS), cells were restimulated at 5--10 × 10^5^ cells/mL with 5 μg/mL of MOG35-55 peptide in HL-1 medium for 24 hours, followed by cell surface staining and then ICS with anti-T-bet mAb (eBioscience; 4B10) using Transcription Factor Staining Buffer (eBioscience). For tetramer staining, preadoptive transfer donor cells were stained with fluorochrome-conjugated anti-mouse-CD4 mAb (BD, Franklin Lakes, NJ; RM4-5) and IA^b^-MOG38-49 or IA^b^-hCLIP tetramers (NIH Tetramer Core Facility, Atlanta, GA) as controls by incubation at 4°C for 1.5 hours. Samples were costained with fluorochrome-conjugated anti-mouse-VLA-4 mAb or subsequently with anti-T-bet mAb. For Annexin V staining, cells were incubated for 15 minutes in the dark with Annexin V in binding buffer (BD) after cell surface staining of anti-mouse-CD4 mAb and tetramers. All samples were analyzed by BD FACSAria II.

Statistical analysis. {#s1-7}
---------------------

Analysis of variance (ANOVA) was used for statistical analysis involving multiple groups (SigmaPlot 12.5). Nonparametric comparison (Mann-Whitney test) was used as indicated if ANOVA did not show significance. A *t* test was used for pairwise comparison of groups as indicated.

RESULTS {#s2}
=======

Treatment of EAE with Dex is more efficacious in MIF^−/−^ mice. {#s2-1}
---------------------------------------------------------------

To test whether MIF inhibited the disease-ameliorating effects of GCs in EAE, C57BL/6 Wt and MIF^−/−^ mice were immunized with MOG35-55 peptide and observed and scored for clinical disease as described in the Methods. The mice were treated daily with Dex or PBS starting on day 6 postimmunization until the peak of disease.

As shown in [figure 1A](#F1){ref-type="fig"}, Wt and MIF^−/−^ mice treated with PBS developed EAE with a similar onset of disease. EAE scores were somewhat lower in MIF^−/−^ mice, but the differences did not reach statistical significance ([figure 1A](#F1){ref-type="fig"}, closed circles and triangles). Consistent with previous reports, treatment of C57BL/6 Wt mice with Dex delayed EAE onset and significantly reduced disease severity ([figure 1A](#F1){ref-type="fig"}, open circles).^[@R21]^ However, once the Dex treatment was stopped, EAE rebounded in Wt mice and the animals developed disease with severity similar to PBS-treated control mice. In strong contrast, EAE was inhibited by Dex treatment in MIF^−/−^ mice and remained significantly suppressed after the treatment was ended ([figure 1A](#F1){ref-type="fig"}, open triangles).

![EAE severity and CNS pathology in Dex-treated MIF^−/−^ and Wt mice\
Wild-type (Wt) and macrophage migration inhibitory factor (MIF)^−/−^ mice were immunized to induce experimental autoimmune encephalomyelitis (EAE) as described in the Methods. Mice were injected intraperitoneally with (A) 5 mg/kg dexamethasone (Dex) vs phosphate-buffered saline (PBS) control every day starting on day 6 and then every other day after onset until the peak of disease (Wt PBS, n = 12; Wt Dex, n = 11; MIF^−/−^ PBS, n = 12; MIF^−/−^ Dex, n = 10) or (B) 10 mg/kg Dex vs PBS control for 3 continuous days upon onset of disease (Wt PBS, n = 12; Wt Dex, n = 13; MIF^−/−^ PBS, n = 12; MIF^−/−^ Dex, n = 12). Mice were scored daily for EAE as described in the Methods. Shown are pooled data from 2 to 3 independent experiments (mean ± SEM). \*indicates significant difference between MIF^−/−^ Dex group and Wt PBS group or MIF^−/−^ PBS group; †indicates significant difference between MIF^−/−^ Dex group and Wt Dex group (analysis of variance \[ANOVA\], *p* \< 0.05). EAE mice from (B) were sacrificed for analysis (C) at the acute stage (day 16--24 postimmunization, whenever PBS groups reached clinical score of 2 or higher) of disease and then quantified for CD11b^+^, CD11c^+^, CD4^+^, and CD8^+^ cellular infiltration in the brain by flow cytometry. Shown are pooled data from 3 independent experiments (mean ± SEM; n = 7--8 mice per group; ANOVA, no significant difference; post hoc Mann-Whitney test for indicated groups; \**p* \< 0.05). NS = not significant.](NEURIMMINFL2015005280FF1){#F1}

To further investigate the effectiveness of Dex treatment in MIF^−/−^ vs Wt mice, the treatment period with Dex was shortened to 3 days starting at the onset of clinical symptoms of EAE (score 1--1.5, as described in the Methods).

The shorter treatment regimen only modestly decreased the clinical EAE severity in Wt mice ([figure 1B](#F1){ref-type="fig"}, open circles). In strong contrast, the shorter course of Dex treatment was still highly effective at suppressing clinical EAE in MIF^−/−^ mice and no significant disease rebound was observed ([figure 1B](#F1){ref-type="fig"}, open triangles).

Histopathologic evaluation of the CNS of PBS-treated Wt and MIF^−/−^ mice at the peak of EAE by immunofluorescence staining (figure e-1 at [Neurology.org/nn](10.1212/NXI.0000000000000139)) and quantification of inflammatory cells by flow cytometry corroborated the clinical EAE results and showed large numbers of infiltrating inflammatory cells consisting of CD11c^+^ dendritic cells, CD11b^+^ microglia/infiltrating macrophages, CD4^+^ T cells, and CD8^+^ T cells ([figure 1C](#F1){ref-type="fig"}). In contrast, Dex-treated MIF^−/−^ mice showed significantly reduced numbers of inflammatory cells in the CNS during EAE compared with Wt mice.

Taken together, the results showed that GC treatment was significantly more efficacious in MIF^−/−^ mice, even under conditions that were suboptimal clinically in Wt animals.

Temporary inhibition of IFN-γ and IL-17 by Dex in Wt and MIF^−/−^ CD4^+^ T cells. {#s2-2}
---------------------------------------------------------------------------------

Immunosuppressive effects of GCs on cytokine production by inflammatory cells have been reported.^[@R22]^ Therefore, we tested whether Dex treatment was more effective at inhibiting the production of the pathogenic cytokines IFN-γ or IL-17 by Wt or MIF^−/−^ CD4^+^ T cells.

Spleen- and brain-infiltrating MNCs were procured from Wt and MIF^−/−^ mice at different time points after induction of EAE and treatment for 3 days with Dex or PBS and tested by cytokine ELISPOT assay for MOG35-55--induced production of IFN-γ and IL-17.

The results showed that Dex treatment substantially decreased the production of IFN-γ by MOG35-55--reactive spleen CD4^+^ T cells at the onset of EAE in both Wt and MIF^−/−^ mice compared with PBS-injected animals ([figure 2A](#F2){ref-type="fig"}). In contrast, Dex treatment significantly decreased IL-17 production only in MIF^−/−^ mice treated with Dex at disease onset ([figure 2B](#F2){ref-type="fig"}). The inhibitory effects of Dex on cytokine production by spleen CD4^+^ T cells were no longer observed at later time points, irrespective of whether the mice were Wt or MIF^−/−^ ([figure 2, A and B](#F2){ref-type="fig"}). No shift toward the production of Th2 cytokines was observed (data not shown).

![Effect of Dex on cytokine production by MIF^−/−^ or Wt T cells in EAE\
Wild-type (Wt) and macrophage migration inhibitory factor (MIF)^−/−^ mice were immunized to induce experimental autoimmune encephalomyelitis (EAE) and injected intraperitoneally with 10 mg/kg dexamethasone (Dex) vs phosphate-buffered saline (PBS) control for 3 continuous days upon onset of disease, as shown in [figure 1B](#F1){ref-type="fig"}. Spleens (A, B) and brain mononuclear cells (MNCs) (C, D) of EAE mice were harvested at different time points and restimulated with MOG35-55 peptide. The frequencies of Th1 and Th17 cytokine-producing T cells were measured by ELISPOT assay as described in the Methods. Shown are pooled data from 2 to 4 independent experiments (mean ± SEM; onset, n = 7--14 mice per group from day 10 postimmunization and after 3 injections of Dex or PBS; acute, n = 5 mice per group from day 16--24 postimmunization when PBS groups reached peak score of 2 or higher; chronic, n = 6--8 mice per group from day 26--36, usually 10 days after PBS groups remitted from peak of disease; analysis of variance; \**p* \< 0.05; \*\**p* \< 0.01). IFN = interferon; IL = interleukin; NS = not significant; SFC = spot-forming cells.](NEURIMMINFL2015005280FF2){#F2}

In the CNS, no significant effect of Dex on IFN-γ or IL-17 production was observed during the acute phase of EAE in Wt or MIF^−/−^ mice ([figure 2, C and D](#F2){ref-type="fig"}).

Collectively, the results showed an inhibitory effect of Dex on IFN-γ production by Wt and MIF^−/−^ T cells that was most pronounced at disease onset. Dex suppressed IL-17 only in MIF^−/−^ mice.

T-bet expression is decreased in MIF^−/−^ CD4^+^ T cells during EAE. {#s2-3}
--------------------------------------------------------------------

Expression of T-bet has been suggested to be critical for the function of encephalitogenic T cells and can be downregulated by GCs.^[@R23][@R24][@R25]^ Therefore, we investigated the effect of MIF on the regulation of T-bet expression by GCs in EAE.

EAE was induced in Wt and MIF^−/−^ mice and the animals were treated once daily for 3 days with Dex or PBS starting at the onset of EAE, as described earlier. CD4^+^ T cells were recovered from the CNS at the acute or chronic stage of EAE and reactivated with MOG35-55 peptide in culture, and the expression of T-bet was determined by flow cytometry analysis.

The results show that the expression of T-bet in CD4^+^ T cells was comparable between naive Wt and MIF^−/−^ mice upon activation with anti-CD3 mAb ([figure 3F](#F3){ref-type="fig"}). Moreover, T-bet was highly expressed in CD4^+^ T cells recovered from the CNS of PBS-treated Wt mice during the acute stage of EAE ([figure 3A](#F3){ref-type="fig"} upper left; [figure 3B](#F3){ref-type="fig"}). Treatment of Wt mice with Dex resulted in an approximately 30% reduction of T-bet expression by CD4^+^ T cells, which did not reach statistical significance ([figure 3A](#F3){ref-type="fig"} upper right; [figure 3B](#F3){ref-type="fig"}). It is interesting that T-bet expression was significantly lower in CD4^+^ T cells from both PBS- and Dex-treated MIF^−/−^ mice compared with Wt animals ([figure 3A](#F3){ref-type="fig"}, lower panels; [figure 3B](#F3){ref-type="fig"}, *p* \< 0.05). Dex treatment of MIF^−/−^ mice showed a decrease in the expression of T-bet in CD4^+^ T cells and the total numbers of CD4^+^T-bet^+^ T cells compared with PBS treatment of MIF^−/−^ mice, particularly during the chronic phase, but statistical significance was not achieved ([figure 3, C--E](#F3){ref-type="fig"}). However, T-bet expression by CD4^+^ T cells remained significantly decreased in Dex-treated MIF^−/−^ mice during the chronic phase of EAE compared with PBS-treated Wt mice ([figure 3C](#F3){ref-type="fig"}, *p* \< 0.05).

![Downregulation of T-bet expression in brain-infiltrating MIF^−/−^ CD4^+^ T cells\
Macrophage migration inhibitory factor (MIF)^−/−^ and wild-type (Wt) mice were immunized to induce experimental autoimmune encephalomyelitis (EAE) and injected intraperitoneally with 10 mg/kg dexamethasone (Dex) vs phosphate-buffered saline (PBS) control for 3 continuous days upon onset of disease, as shown in [figure 1B](#F1){ref-type="fig"}. Brain mononuclear cells (MNCs) of EAE mice from acute and chronic stages were harvested and cultured for 24 hours with MOG35-55 peptide as described in the Methods. Ag-recalled brain MNCs were stained for CD4 and T-bet for flow cytometry analysis. Shown are representative intracellular staining results of T-bet expression gated on CD4^+^ T cells (A), pooled results from 2 independent experiments for T-bet expression (B, C), and absolute number of brain-infiltrating T-bet^+^CD4^+^ T cells (D, E) from acute stage and chronic stage of EAE (mean ± SEM; acute stage, n = 6--8 mice per group from day 16--24 postimmunization when PBS groups reached peak score of 2 or higher; chronic stage, n = 5--9 mice per group from day 26--36, usually 10 days after PBS groups remitted from peak of disease; analysis of variance; \**p* \< 0.05). (F) T-bet expression in activated CD4^+^ T cells under non-EAE conditions. Splenocytes from naive Wt and MIF^−/−^ mice were cultured with plate-bound anti-CD3 monoclonal antibody for 48 hours prior to staining for CD4 and T-bet for flow cytometry analysis (Wt, n = 11; MIF^−/−^, n = 12; shown are pooled results from 4 independent experiments; mean ± SEM; *t* test). NS = not significant.](NEURIMMINFL2015005280FF3){#F3}

Since T-bet can regulate the expression of IL-23R and VLA-4, which are critical molecules for the effector function and CNS migration of encephalitogenic T cells,^[@R26][@R27][@R28]^ we investigated whether MIF promotes EAE by antagonizing GC effects on these molecules.

EAE was induced in Wt or MIF^−/−^ mice followed by treatment with Dex or PBS as indicated. Brain-infiltrating MNCs were analyzed during the chronic stage of EAE by flow cytometry for IL-23R and VLA-4 expression on CD4^+^ T cells. As shown in figure e-2A, the expression of IL-23R was decreased by CNS-infiltrating CD4^+^ T cells from PBS-treated MIF^−/−^ mice, but the results did not achieve statistical significance. Dex treatment did not significantly affect IL-23R expression by Wt or MIF^−/−^ CD4^+^ T cells. Similarly, VLA-4 expression by CD4^+^ T cells was lower in MIF^−/−^ mice than in Wt mice (figure e-2B). Furthermore, Dex had a moderate, but not statistically significant, inhibitory effect on VLA-4 expression in MIF^−/−^ but not Wt mice.

Overall, the data show that the expression of T-bet was significantly decreased in MIF^−/−^ mice with EAE, but its expression was not further suppressed by exogenous GCs. Furthermore, the expression of IL-23R and VLA-4 by CD4^+^ T cells was decreased in MIF^−/−^ mice compared with Wt mice, but Dex treatment did not provide a significant additional inhibitory effect, irrespective of whether the mice were MIF deficient.

MIF promotes resistance of autoreactive T cells to Dex treatment. {#s2-4}
-----------------------------------------------------------------

Recently, it has been suggested that MIF has an important role in the activation of microglia and the recruitment of macrophages to the CNS, which are critical in promoting EAE, whereas other studies showed a role for this cytokine in supporting the function of pathogenic T cells.^[@R5][@R6][@R7]^

Thus, we investigated whether MIF promotes EAE by inhibiting GC effects on infiltrating inflammatory cells or on CNS-resident tissue cells in our model.

To begin to address this question, passive EAE was induced by adoptive transfer of activated MOG35-55--reactive T cells from Dex- or PBS-treated Wt or MIF^−/−^ mice into Wt recipient mice as described in the Methods. Dex-conditioned MOG35-55--specific MIF^−/−^ donor T cells were significantly less potent at inducing EAE in Wt recipient mice compared with Dex-treated Wt T cells or PBS-treated MIF^−/−^ or Wt T cells ([figure 4A](#F4){ref-type="fig"}). In contrast, pretreatment of Wt or MIF^−/−^ recipient mice with Dex did not significantly attenuate EAE induced by adoptive transfer of MOG35-55--specific Wt donor cells ([figure 4B](#F4){ref-type="fig"}).

![Increased susceptibility of MIF^−/−^ CD4^+^ T cells to immunosuppression by Dex in EAE\
(A) MOG35-55 peptide-activated donor cells from wild-type (Wt) or macrophage migration inhibitory factor (MIF)^−/−^ mice pretreated with phosphate-buffered saline (PBS) or dexamethasone (Dex) were adoptively transferred into Wt recipient mice as described in the Methods. (B) Transfer of Wt donor cells into Wt or MIF^−/−^ recipient mice pretreated with PBS or Dex. Shown is 1 representative experiment of 2--3 independent experiments (n = 5 mice per group; mean ± SEM). \*indicates significant difference between recipient groups that received MIF^−/−^ Dex donor cells vs Wt PBS donor cells; †indicates significant difference between recipient groups that received MIF^−/−^ Dex donor cells vs Wt Dex or MIF^−/−^ PBS donor cells (analysis of variance \[ANOVA\], *p* \< 0.05; NS = not significant). Spleen (C) and brain mononuclear cells (MNCs) (D) of recipient mice on day 23 (A) were harvested and restimulated with MOG35-55 peptide. The frequencies of Th1 and Th17 cytokine-producing T cells from recipients were measured by ELISPOT assay as described in the Methods (n = 5 mice per group; mean ± SEM; ANOVA, \**p* \< 0.05). (E) Preadoptive transfer donor cells were stained after 3-day Ag recall and analyzed by flow cytometry for MOG35-55--specific CD4^+^ T cells using IA^b^-MOG38-49 tetramer as described in the Methods. Shown are absolute numbers of Ag-specific CD4^+^ T cells of different donor groups from pooled data of 5 independent experiments (n = 9--16 mice per group; mean ± SEM; ANOVA, NS). (F, G) Cytokine ELISPOT assays were performed using preadoptive transfer donor cells after 3-day Ag recall as described in the Methods. Shown are pooled data from 3 to 5 independent experiments (F: interleukin (IL)-17, n = 11--15 mice per group; G: interferon (IFN)-γ, n = 9--12 mice per group; mean ± SEM; ANOVA, \**p* \< 0.05, NS). In parallel, preadoptive transfer donor cells were stained and analyzed by flow cytometry for (H) VLA-4 and (I) T-bet expression gated on MOG35-55--specific CD4^+^ T cells, as described in the Methods. Shown are pooled data from 3 to 5 independent experiments (n = 10--17 mice per group; mean ± SEM; ANOVA, \**p* \< 0.05, \*\**p* \< 0.01, NS). SFC = spot-forming cells.](NEURIMMINFL2015005280FF4){#F4}

To determine whether Dex treatment of the MIF^−/−^ donor cells altered T cell effector function, IFN-γ and IL-17 production by spleen- and CNS-infiltrating T cells was measured by cytokine ELISPOT assay at the end of the adoptive transfer studies.

As shown in [figure 4](#F4){ref-type="fig"}, a significant decrease in the frequencies of IFN-γ-- and IL-17--producing MOG35-55--specific CD4^+^ T cells was observed in the spleen of mice that had received Dex-treated MIF^−/−^ donor T cells compared with recipients of Dex- or PBS-treated Wt cells ([figure 4C](#F4){ref-type="fig"}, *p* \< 0.05). Moreover, adoptive transfer of Dex-treated MIF^−/−^ cells substantially decreased the number of IL-17--producing T cells in the CNS by day 23 posttransfer compared with PBS-treated MIF^−/−^ cells ([figure 4D](#F4){ref-type="fig"}).

Next, we investigated whether the decrease in EAE severity and numbers of MOG35-55--reactive T cells observed after adoptive transfer of Dex-treated MIF^−/−^ T cells was due to deletion or silencing of pathogenic T cells in the recipient mice or whether these cells were already decreased during restimulation in vitro.

To directly determine the frequencies of Ag-specific CD4^+^ T cells, we used IA^b^-MOG-38-49 tetramer staining to quantify MOG35-55--specific CD4^+^ T cells, as described in the Methods. The results showed no significant difference in the numbers of MOG35-55--specific CD4^+^ T cells in Dex-treated Wt and MIF^−/−^ CD4^+^ T cells compared with PBS-treated Wt and MIF^−/−^ T cells ([figure 4E](#F4){ref-type="fig"}; figure e-3A). Moreover, no significant difference was observed in the frequencies of IL-17--producing MOG35-55--specific T cells between PBS- or Dex-treated Wt and MIF^−/−^ mice ([figure 4F](#F4){ref-type="fig"}). Consistent with our earlier results, Dex treatment decreased the frequencies of IFN-γ--producing MOG-specific T cells, but no significant difference was observed between Wt and MIF^−/−^ T cells ([figure 4G](#F4){ref-type="fig"}).

Next, we investigated whether the reduced ability of Dex-conditioned MIF^−/−^ T cells to induce EAE was due to increased apoptosis or altered VLA-4 or T-bet expression. As shown in figure e-3B, a modest, but not statistically significant, increase in apoptosis was observed in Dex-treated MIF^−/−^ T cells compared with the other groups. However, we noted a significant decrease in the expression of VLA-4 by MOG35-55--specific CD4^+^ T cells from Dex-treated MIF^−/−^ donors compared with PBS-treated Wt and MIF^−/−^ donor cells ([figure 4H](#F4){ref-type="fig"}). Furthermore, T-bet expression was significantly downregulated in Ag-specific CD4^+^ T cells from both Dex-treated MIF^−/−^ and Wt donors compared with PBS-treated Wt donors, and its expression in Ag-specific CD4^+^ T cells was the lowest in the Dex-treated MIF^−/−^ group ([figure 4I](#F4){ref-type="fig"}). Taken together, the results suggest that MIF promotes EAE by antagonizing the suppressive effects of Dex on T-bet and VLA-4 expression by pathogenic T cells.

DISCUSSION {#s3}
==========

In this study, we show that MIF is an important mediator of resistance to Dex treatment in EAE by antagonizing its suppressive effects on T-bet and VLA-4 expression by encephalitogenic T cells.

MIF is an important mediator of autoimmune pathology.^[@R29],[@R30]^ Studies in the EAE model in mice showed that MIF has an important role in promoting disease by enhancing T cell effector function and survival and migration of pathogenic T cells into the CNS.^[@R5][@R6][@R7]^ MIF is highly expressed in human leukocytes and it has been implicated in several human disease conditions, including MS.^[@R31][@R32][@R33]^ Treatment with anti-MIF mAb improved disease in mouse models of EAE and other autoimmune diseases.^[@R5],[@R34],[@R35]^

An intriguing property of MIF is that it can be induced by GCs and subsequently counterregulates anti-inflammatory GC effects. Therefore, MIF may also promote autoimmune pathology by antagonizing the immunosuppressive effects of endogenous and/or exogenous GCs.

Here, we tested this question in the MOG35-55--induced EAE model in C57BL/6 Wt and MIF^−/−^ mice in combination with Dex treatment. Consistent with previous studies, we found that Dex treatment of Wt mice substantially attenuated, but did not completely prevent, EAE.^[@R36]^ Moreover, EAE was decreased in MIF^−/−^ mice, although the effect in our studies was not as pronounced as in previous studies, possibly due to differences in animal backgrounds, housing conditions, and scoring system.^[@R6],[@R7]^ In contrast, EAE was profoundly suppressed in Dex-treated MIF^−/−^ mice, even at a suboptimal dosage that failed to suppress disease in Wt mice.

When investigating the underlying mechanisms, we found that Dex similarly suppressed the production of IFN-γ in Wt and MIF^−/−^ mice, but the effect was temporary and waned over the course of disease. In contrast, Dex was more effective at decreasing IL-17 production in MIF^−/−^ mice than in Wt mice. Thus, the results suggest that MIF interfered with additional immunosuppressive mechanisms of Dex in EAE beyond suppression of T cell cytokine production.

Recent work suggested that regulation of T-bet is a critical factor for the pathogenicity of autoreactive T cells, irrespective of their Th1/Th17 cytokine profiles.^[@R25]^ GCs have been reported to interfere with the transcription of T-bet in animal models and in immune cells from patients with MS.^[@R23],[@R24]^ Therefore, we examined whether MIF interfered with the downregulation of T-bet by GCs. Expression of T-bet was significantly decreased in CD4^+^ T cells of Dex-treated MIF^−/−^ mice compared with Wt T cells and remained downregulated during the chronic stage of EAE.

It is known that T-bet, in combination with other transcription factors such as Runx, is important for the development of Th1-like Th17 cells, which are thought to be the most pathogenic T cell population, and can regulate the expression of IL-23R and VLA-4.^[@R37],[@R38]^ We observed that VLA-4 expression was significantly suppressed by Dex in MIF^−/−^ CD4^+^ T cells compared with Wt T cells, but the effects on IL-23R expression were negligible. Thus, by antagonizing Dex effects on T-bet and VLA-4, MIF may promote the migration and effector function of pathogenic T cells in the CNS. Our studies did not test whether MIF could antagonize suppression of CXCR4 by GCs in light of recent reports that MIF can modulate chemokine signaling via CXCR4.^[@R39],[@R40]^

Using the adoptive transfer EAE model, we found that treatment with Dex completely abrogated EAE mediated by MIF^−/−^ T cells but not by Wt T cells. In contrast, Dex treatment of Wt or MIF^−/−^ recipient mice did not show differences in onset or severity of EAE, suggesting that MIF was important for antagonizing Dex effects on encephalitogenic T cells and to a lesser degree on CNS tissue--resident cells. Nevertheless, while our results show that MIF antagonizes GC effects primarily on encephalitogenic T cells independently, it may promote EAE via additional effects on CNS tissue--resident cells, as has been suggested.^[@R7]^

There remain unresolved questions regarding our understanding of the signaling pathways targeted by MIF to interfere with immunosuppressive GC effects in pathogenic T cells, which could potentially be explored as a mechanism to optimize GC treatment and reduce side effects by allowing for lower doses.

Overall, our studies identified MIF as a central molecule in promoting autoimmune tissue damage by undoing the immunoregulatory effects of GCs on encephalitogenic T cells. We posit that T-bet is one of the key molecules modulated by MIF to promote pathogenicity of autoreactive T cells. Moreover, measuring the expression of MIF may serve as a biomarker for treatment efficacy of GCs in MS. MIF has been targeted by mAbs as well as small molecule inhibitors. Therefore, targeting MIF in combination with immunosuppressive agents is feasible and could prove superior to current therapies.
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ANOVA

:   analysis of variance

CFA

:   complete Freund\'s adjuvant

Dex

:   dexamethasone

EAE

:   experimental autoimmune encephalomyelitis

GC

:   glucocorticoid

ICS

:   intracellular staining

IFN

:   interferon

IL

:   interleukin

IP

:   intraperitoneal

mAb

:   monoclonal antibody

MIF

:   macrophage migration inhibitory factor

MNC

:   mononuclear cell

MS

:   multiple sclerosis

PBS

:   phosphate-buffered saline

SC

:   subcutaneous

Wt

:   wild-type
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